CD155 has been implicated in migration, invasion, proliferation and apoptosis of human cancer cells, and DNA damage response caused by chemotherapeutic agents or reactive oxygen species has been shown to attribute to CD155 induction. Adriamycin (Adr) is one of the most common chemotherapeutic drugs used to treat breast cancer. Here we reported that treatment with Adr upregulated CD155 expression on several in vitro cultured breast cancer cells and in breast cancer cell 4T1 xenografts. We also found that CD155 knockdown or Adr treatment induced apoptosis of in vitro cultured cancer cells and cancer cells in 4T1 xenografts, and a combination of CD155 knockdown with Adr treatment induced more cell death than either of them. Furthermore, we revealed that the combination of CD155 knockdown with Adr treatment suppressed the growth of 4T1 xenografts more significantly than them alone. In summary, our results demonstrate that CD155 downregulation synergizes with Adr to induce breast cancer cell apoptosis, thereby to suppress tumor growth. Our results also suggest that CD155 upregulation may be a mechanism underlying Adr resistance by breast cancer cells.
Introduction
Due to functioning as the receptor for poliovirus, and harboring domain structures similar to nectins, CD155 is also called PVR [1] and nectin-like protein 5 (necl-5) [2] . CD155 recruits and trans-interacts with nectin three to promote cell migration [2, 3] . CD155 can also enhance cell motility independent on nectin3 but involving integrin αvβ3, Cdc42 and Rac [4] . Moreover, CD155 stimulates cell proliferation by activation of ERK signaling as well as upregulation of cyclins and downregulation of p27 [5] . Through combining with co-stimulatory or co-inhibitory molecules on T or NK cells, CD155 plays implicated roles in tumor immunity [6] .
CD155 expression is undetected in most normal tissues, while upregulated in Ras or Src-transformed NIH3T3 cells [5] and several human cancers [7] [8] [9] . Moreover, cancer patients have a higher level of soluble isoforms of CD155 in the sera than healthy donors [10] . Overexpression of CD155 is correlated with tumor stage and unfavorable prognosis [8] [9] [10] . Mechanistically, CD155 plays a positive role in tumor growth and metastasis. CD155 promotes tumor cell proliferation, invasion and migration [9, [11] [12] [13] . Moreover, CD155 expression is associated with tumor VEGF expression and intratumoral vessel density [9] . Recently, our group reported that CD155 inhibited tumor cell apoptosis [14] .
CD155 expression can be regulated by several signaling pathways such as Ras, sonic hedgehog (Shh) and TLR4 [5, 15, 16] . Moreover, CD155 expression can be induced by DNA damage. For instance, reactive oxygen species (ROS) and reactive nitrogen species (RNS) stimulate CD155 expression through DNA damage response (DDR) [17, 18] . Similarly, chemotherapeutic agents induce CD155 expression on multiple myeloma cells through DDR [19] . Given the positive role of CD155 in tumor growth, in the present study we asked whether Adriamycin (Adr) treatment [20] [21] [22] could upregulate CD155 expression in breast cancer cells, and whether CD155 knockdown could affect Adr-induced breast cancer cell apoptosis. 
Materials and methods

Cell culture and Adr treatment
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LentiviralshRNA transfection
CD155 shRNA lentivirus (shCD155) and control shRNA lentivirus (scramble) were constructed by Obio Technology Corp., Ltd (Shanghai, China). The shRNA sequence for CD155 is 5′-CCT AGG CTA CAT CTT TCT T-3′, and for scramble is 5′-TTC TCC GAA CGT GTC ACG T-3′. For stable knockdown, shRNAs were cloned into pLKD-CMV-Puro-U6-shRNA vector. MCF-7 and 4T1 cells were transfected with 25 MOI of scramble or shCD155 lentivirus.
Total RNA extraction and quantitative real-time PCR (qPCR)
Total RNA was isolated from cells using TRIzol™ reagent (TaKaRa, Dalian, China), and reverse-transcribed using M-MLV reverse transcriptase (Promega, Madison, USA). The primers for CD155 are 5′-GCT AGA AGG ACT CAC TAG ACT CAG GAA-3′ (forward) and 5′-GTC GCC TCA TCT GTC GTG GAAC-3′ (reverse), and for 18S are 5′-GCA GAA TCC ACG CCA GTA CAA GAT -3′ (forward) and 5′-TCT TCT TCA GTC GCT CCA GGT CTT -3′ (reverse). Quantitative real-time PCR was performed using 2× SYBR Green Mix (Promega, Madison, USA) in Roche Light Cycler 480 PCR Cycler. The PCR program consisted of an initial denaturation step at 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Gene expression was calculated relative to 18S.
Immunofluorescence
Cells were seeded onto adhesion cover slips for 24 h, fixed with 4% paraformaldehyde in PBS for 15 min at 25 °C and permeabilized with 0.1% Triton X-100. Subsequently, cells were blocked with 1% BSA for 30 min and incubated overnight at 4 °C with anti-CD155 antibody (Abcam, 103630, 1:200), followed by incubation with secondary antibody Alexa Fluor 488-conjugated IgG (Life Technologies, Carlsbad, USA, 1:300) for 1 h. DAPI was used for nuclear staining. Cells were mounted on glass slides and visualized using a confocal microscope (FV-1000, Olympus, Japan).
Western blot
Total protein was extracted from cells using RIPA lysis buffer with 1% PMSF. 40 µg protein was separated on 9% SDS-PAGE gel and transferred on a PVDF membrane. The membrane was blocked with 5% skimmed milk and incubated with anti-CD155 antibody (Abcam, 103630, 1:500) at 4 °C overnight. Then the membrane was washed and incubated with HRP-conjugated secondary antibody (1:5000) for 2 h at room temperature. The specific protein bands were visualized using the enhanced chemiluminescence (ECL) method through the DNR Imaging System. GAPDH was used for normalization. The optical density (OD) of each band was quantified with Image J (Bethesda, MD, USA).
Cell apoptosis assay by flowcytometry
The Annexin V-PE/7-AAD Apoptosis Kit (559763; BD Biosciences, USA) was used to detect cell apoptosis in a flow cytometer (BD Biosciences, USA), according to the manufacturer's protocol.
Xenograft model of breast cancer
Pathogen-free female 8-week BALB/c mice were obtained from the Weitong Lihua (Beijing, China). 1 × 10 4 4T1-scramble cells or 4T1-shCD155 cells were injected into the fourth mammary fat pad on day 0. Some mice were treated with Adr (1 mg/kg, i. p.) [23] on day 3, 10, 17, 24, 31. All mice were euthanized on day 35. Tumor volume was calculated by the formula of V = ab 2 /2. Animal welfare and experimental procedures were performed according to the Guide for the Care and Use of Laboratory Animals (Ministry of Science and Technology of China, 2006), and were approved by the animal ethics committee of China Medical University.
Immunohistochemistry and HE staining
The tumor tissues were fixed by 4% paraformaldehyde for 72 h, embedded in paraffin, and sectioned into 4 µm sections. Sections were first stained with hematoxylin and eosin (HE). For immunohistochemistry, sections were incubated with anti-CD155 (Abcam, 103630, 1:200) overnight at 4 °C. Then, sections were incubated with goat anti-rabbit IgG and streptavidin peroxidase (SP) complex at 37 °C for 30 min, and developed with the DAB reagent. The sections were observed under an Olympus BX61 microscope.
TUNEL staining
Tumor tissue apoptotic cells were determined by the TUNEL Apoptosis Detection Kit S7110 (Millipore, USA) according to the provided protocol. After TUNEL labeling, nucleus was counterstained with DAPI. The TUN-NEL positive labeled apoptotic cells were calculated and photographed using an Olympus BX61 fluorescence microscope. The number of apoptotic cells was counted in a total of 1000 cells by Image J software.
Statistical analysis
All experiments were carried out at least in three replicates. SPSS 13.0 software was used to perform data statistics. Student's t test or one-way ANOVA was used to evaluate the difference. P < 0.05 was considered statistically significant. 
Results
Adr induces CD155 expression in breast cancer cells
Human breast cancer cells MCF-7, T47D and MDA-MB-231 were treated with Adr (375 nM) for 24 h. As shown by Western blot detection, CD155 expression was significantly upregulated in these CD155-treated cancer cells compared with CD155-untreated cells (Fig. 1a) . Similar to these human breast cancer cells, mouse breast cancer cell 4T1 also expressed more CD155 after Adr treatment for 24 h (Fig. 1a) . CD155 induction by Adr treatment was further confirmed by immunofluorescence staining in these human and mouse breast cancer cells (Fig. 1b) .
CD155 shRNA transfection blocks Adr-induced CD155 expression
MCF-7 cells were transfected with CD155 shRNA lentiviruses. Real-time PCR detection showed that CD155 mRNA level in CD155 shRNA-tranfected cells was significantly lower than that in control cells, indicating that transfection with CD155 shRNA effectively reduced the basal expression of CD155 (Fig. 2a) . Furthermore, treatment with Adr failed to increase CD155 mRNA expression in CD155 shRNA-tranfected cells, indicating that transfection with CD155 shRNA also abrogated Adr-induced CD155 expression (Fig. 2a) . Subsequent Western blot detection confirmed that transfection with CD155 shRNA suppressed basal and Adr-induced CD155 expression in protein level (Fig. 2b) . Similarly, transfection of 4T1 cells with CD155 shRNA inhibited basal and Adr-induced CD155 expression in both mRNA and protein levels (Fig. 2c, d ).
CD155 downregulation synergizes with Adr to induce breast cancer cell apoptosis in vitro
As CD155 exhibited anti-apoptotic in other cancer cells, the role of CD155 in breast cancer cell apoptosis was investigated. Flowcytometry analysis showed that CD155 knockdown by CD155 shRNA transfection induced apoptosis of both MCF-7 and 4T1 cells, indicating CD155 functions as an anti-apoptotic factor in breast cancer (Fig. 3a , and 4T1. **P < 0.01 versus scramble; ***P < 0.001 versus scramble. Data are expressed as mean ± SD, and all the experiments were performed three times b). Moreover, treatment with Adr also induced apoptosis of these cells (Fig. 3a, b) . Importantly, a combination of CD155 knockdown with Adr treatment induced cell apoptosis far more than either of them, indicating that CD155 downregulation synergizes with Adr to induce breast cancer cell apoptosis (Fig. 3a, b) .
Adr induces CD155 expression in breast cancer xenografts
As 4T1 tumor cells are BALB/c background, we inoculated 4T1 cells with or without CD155 shRNA transfection into BALB/c mice to generate breast cancer xenografts. HE staining confirmed the tumor tissues harvested from these mice (Fig. 4a) . As shown by immunohistochemistry staining, CD155 expression was absent in tumors of 4T1 cells transfected with CD155 shRNA, even after these tumors were treated with Adr, however, CD155 expression was upregulated by Adr treatment in tumors of 4T1 cells transfected with scramble (Fig. 4b) . These observations indicate that Adr treatment induces CD155 expression in vivo, which can be blocked by CD155 shRNA transfection.
CD155 downregulation synergizes with Adr to induce cell apoptosis and inhibit the growth of breast cancer xenografts
TUNEL staining was used to evaluate cell apoptosis in vivo. As shown in Fig. 5a , CD155 knockdown or treatment with Adr significantly increased the apoptotic cells in 4T1 xenografts; and consistent with the in vitro result, the combination of CD155 knockdown with Adr treatment induced more cell death than either of them. Moreover, the growth of 4T1 xenografts was also evaluated by measurement of tumor volume and weight. It was shown that tumor growth was suppressed by CD155 knockdown or Adr treatment, and more significantly by the combination of them (Fig. 5b) . 
Discussion
Adr (doxorubicin) is one of the most common chemotherapeutic drugs used to treat cancers including breast cancer. By inhibiting topoisomerase and intercalating itself into the DNA double helix, Adr ceases DNA replication and RNA transcription, and induces cell apoptosis [24] . Noticeably, Adr induces the generation of free radical, leading to further DNA damage [25] . Several signaling molecules such as AMPK, JNK and p53 are involved in Adr-induced cell apoptosis [24] . Moreover, Adr also affects Bcl-2/Bax pathway. It was reported that Adr treatment reduced the expression of anti-apoptotic Bcl-2 whereas increased the expression of pro-apoptotic Bax in breast cancer cells [26] .
DNA damage has been shown to induce CD155 expression. Activation of Ataxia telangiectasia mutated (ATM) and ATM-and Rad3 (ATR)-related protein kinases is implicated in CD155 upregulation in tumor cells. Several chemotherapeutic agents such as Adr, melphalan, and bortezomib were shown to induce CD155 expression on multiple myeloma cells, which was blocked by treatment with pharmacologic inhibitors of ATM/ATR-related kinases [19] . Moreover, nitric oxide donors were also found to stimulate CD155 expression on multiple myeloma cells through activation of ATM/ATR-related kinases [18] . Virus infection has been demonstrated to induce DDR, leading to genomic instability and carcinogenesis [27, 28] . Until now it is unclear whether CD155 can be upregulated by tumor-related viruses. However, HIV-1 Vpr protein was reported to upregulate CD155 expression on CD4 + T lymphocytes through DDR [29] . In the present study, we revealed that Adr treatment upregulated CD155 expression on several breast cancer cells. Furthermore, we showed that CD155 knockdown by shRNA transfection induced breast cancer apoptosis, indicating that endogenous CD155 plays an anti-apoptotic role in these tumor cells. This result is consistent with our previous finding that CD155 knockdown promoted colon cancer cell apoptosis involving downregulation of Bcl-2 and upregulation of Bax [14] . These observations raise a Apoptosis inhibition is one of the mechanisms underlying chemotherapeutic drug resistance. For instance, upregulation of anti-apoptotic Bcl-2 and downregulation of pro-apoptotic Bax in tumor cells are related to the increased resistance to chemotherapy [30] . Moreover, functional loss of P53 inhibits the apoptotic response and leads to tumor cell senescence and subsequent resistance to chemotherapeutic agents [31] . In the present study, we observed that CD155 downregulation synergized with Adr to induce breast cancer apoptosis in vitro and in vivo, furthermore, CD155 downregulation synergized with Adr to inhibit tumor growth. This observation in combination with our previous finding that CD155 functions as an antiapoptotic factor by affecting Bcl-2/Bax pathway, suggest that Adr-induced CD155 upregulation is implicated in Adr resistance.
In summary, Adr treatment induces cell apoptosis on one hand, and upregulates CD155 expression on the other hand. CD155 functions as an anti-apoptotic factor which may counteract Adr-induced cell apoptosis, suggesting CD155 induction may be a mechanism underlying Adr resistance by breast cancer cells. Moreover, CD155 has been shown to stimulate cell migration and invasion. Therefore, the effect of Adr-induced CD155 on tumor cell motility needs to be 
